The nucleus accumbens (NAc) is a critical component of the reward circuitry, and dysfunction of the NAc may account for anhedonia and other symptoms of depression. Here, we investigated whether alterations in endocannabinoid (eCB) signaling in the NAc contribute to depression-like behaviors induced by chronic unpredictable stress (CUS) in mice. We compared three types of eCB/CB1 receptormediated synaptic plasticity in slices prepared from the NAc core of control and stress-exposed mice: depolarization-induced suppression of excitation, long-term depression, and the depression of field excitatory postsynaptic potentials (fEPSPs) induced by group I metabotropic glutamate receptor agonist DHPG. CUS (5-6-week exposure to stressors), but not sub-CUS (1 week exposure to stressors), induces depression-like behaviors and impairs these forms of eCB/CB1 receptor-mediated plasticity examined in the NAc core. Neither sub-CUS nor CUS altered the tissue contents of the eCBs, anandamide and 2-arachidonoylglycerol in the striatum. However, exposure to CUS, but not to sub-CUS, attenuated the depression of fEPSPs induced by the CB1 receptor agonist WIN 55 212-2. CUS exposure reduced the maximal effect without affecting the EC 50 of WIN 55 212-2 to induce fEPSP depression. Thus, impaired CB1 receptor function could account for CUS-induced deficiency in eCB signaling in the NAc. Both CUS-induced deficiency in eCB signaling and depression-like behaviors were reversed by in vivo administration of antidepressant fluoxetine. These results suggest that downregulation of eCB signaling in the NAc occurs after CUS and contributes to the pathophysiology of depression.
INTRODUCTION
The endocannabinoid (eCB) system regulates mood, emotion, motivation, appetite, body weight, and cognition, while anhedonia, lack of motivation, poor appetite, weight loss, and impairment of cognitive function are common features of depression (Mangieri and Piomelli, 2007; Gorzalka et al, 2008; Hill et al, 2009; Lutz, 2009) . CB1 agonists and inhibitors of eCB degradation produce anxiolytic-and antidepressant-like effects in animal models of anxiety and depression (Berrendero and Maldonado, 2002; Valjent et al, 2002; Gobbi et al, 2005; Jiang et al, 2005; Patel and Hillard, 2006; Bortolato et al, 2007) . Conversely, CB1 receptor antagonists SR141716 (rimonabant) and AM251 produce anxiogenic-like effects in rodents (Navarro et al, 1997; Haller et al, 2004; Rodgers et al, 2005) , and rimonabant increases the incidence of anxiety and depression in clinical trials for the treatment of obesity (Samat et al, 2008) . These studies suggest that the eCB system has an important role in the pathophysiology of depression.
The mechanism by which the eCB system regulates emotional homeostasis remains poorly understood. An attractive hypothesis is that the eCB system is disturbed and downregulated in anxiety and depression, and enhanced CB1 receptor activation can compensate for the deficiency in eCB signaling and therefore 'normalize' mood and emotion. Previous studies have shown that the tissue content of eCBs and/or CB1 receptor binding site density are decreased in a number of brain regions in chronic unpredictable stress (CUS) model of depression (Hill et al, , 2008a Bortolato et al, 2007) . Although these biochemical approaches provide a general assessment of the quantity of eCB ligands and CB1 receptors, they do not interrogate the functional consequences of these changes on CB1 receptor-mediated signaling. In addition, these approaches do not have sufficient temporal and spatial resolution to capture the dynamic nature of eCB/CB1 signaling. Measurement of eCB/CB1 receptor-mediated physiological responses in slices taken from animals exposed to 'depressogenic' stimuli is a methodological approach that could overcome these limitations.
A primary function of eCBs is to mediate short-and longterm synaptic depression (Alger, 2005; Heifets and Castillo, 2009; Kano et al, 2009) . Several forms of eCB/CB1 receptormediated synaptic depression have been described previously. First, depolarization-induced Ca 2 + influx triggers the production of eCBs, which activate CB1 receptors to induce transient suppression of excitatory or inhibitory synaptic transmission (referred as DSE and DSI, respectively; Pitler and Alger, 1992; Kreitzer and Regehr, 2001; Ohno-Shosaku et al, 2001; Wilson and Nicoll, 2001) . Second, the CB1 receptor mediates a form of long-term depression (LTD) in a number of brain regions, including the dorsal striatum and NAc (Gerdeman et al, 2002; Robbe et al, 2002; Heifets and Castillo, 2009 ). Third, the group I metabotropic glutamate receptor (mGluR) agonist, DHPG, induces CB1 receptor-dependent synaptic depression Varma et al, 2001; Robbe et al, 2002) . In addition to these endogenous cannabinoidmediated responses, the CB1 receptor agonist WIN 55 212-2 induces acute depression of the synaptic transmission. Recording these four types of CB1 receptor-mediated physiological responses provides a good measure of the ongoing status of eCB signaling.
The nucleus accumbens (NAc) is an important anatomical substrate for motivation and reward, and dysfunction of the NAc could account for anhedonia, decreased sex drive, social withdrawal, and other symptoms of depression (Nestler and Carlezon, 2006) . The NAc expresses relatively high levels of CB1 receptors (Herkenham et al, 1991; Robbe et al, 2001; Pickel et al, 2004) . Given the role of the eCB system in mood regulation (Hill et al, 2009; Lutz, 2009) , alterations of eCB signaling might occur in the NAc in depression. In the present study, we examined whether the aforementioned CB1 receptor-mediated responses were altered in the NAc in CUS model of depression. We report herein that CUS-induced deficiency in eCB/CB1 receptormediated responses in the NAc slices ex vivo, which was reversed by chronic administration of the antidepressant fluoxetine. These results have identified abnormalities in eCB signaling in the NAc in an animal model of depression.
MATERIALS AND METHODS

Animals
Male C57BL/6J mice (8-10 weeks of age) were purchased from the Jackson Laboratory and were allowed to habituate for 1 week. Animals were maintained in a temperature-(23 ± 11C) and humidity-controlled room (40-60%). Unless otherwise specified, the animals were given ad libitum access to food and water, and housed on a 12-h light-dark cycle with lights switched on at 0700 hours. Animal maintenance and use were in accordance with protocols approved by the Institutional Animal Care and Use Committee of the Medical College of Wisconsin.
Chronic Unpredictable Stress
A CUS paradigm was used as an animal model of depression on the basis of well-established methods with minor modifications (Willner et al, 1987; Koo and Duman, 2008) . After 1 week of initial habituation and 1 week of training to drink a sucrose solution (see 'sucrose-intake test'), mice were subjected to various and repeated unpredictable mild stressors for a period of 1 week (sub-CUS) or 5-6 weeks (CUS). In experiments in which fluoxetine was chronically administered, CUS was extended to 8 weeks. The stressors included inversion of day/night light cycle, 451 tilted cage (12 h), restraint (20 min in a soft, flexible plastic cone, DecapiCone, MDC-200, Braintree Scientific), predator sounds (20 min), low-intensity stroboscopic illumination (in dark 12 h, 10 Hz), food and water deprivation (overnight), cage rotation (20 min), cold environment (in a cold room at 41C for 1 h), wet bedding (250 ml water added into the cage), and no bedding. During the course of each experimental week, 14-18 stressors were administered (Supplementary Tables S1 and S2 ). For stressed animals, cages were changed after 'wet bedding' and 'no bedding' stressors. Unstressed controls were handled only for weight and other behavioral measurements (see below), injections, and for changing the cage (twice weekly).
Behavior
The schedule of the behavioral tests is described in Supplementary Table S3 .
Sucrose-intake test. After 1 week of habituation, mice were trained to drink a sucrose solution. Mice were exposed to two drinking bottles for 1 week. One bottle contained 1% sucrose (in tap water) and the other contained tap water. The baseline sucrose intake was established, and mice were divided into two groups with matched sucrose intake, one group of mice was exposed to CUS and the other group served as non-stressed control. For sucrose-intake test, control and CUS-exposed mice were deprived of food and water for 8 h (1000-1800 hours), and then exposed to the sucrose solution and water from 1800 hours to 1000 hours next day. Both absolute and relative sucrose intakes (absolute sucrose intake/body weight) were measured.
Open-field test. Mice were placed individually in one corner of the open field (50 cm long Â 45 cm wide Â 30 cm deep box) and allowed to freely explore the arena during a 15-min test session. Locomotor activities were recorded using an automated video-tracking system (Mobile Datum, Shanghai, China). Total distance traveled and time spent in the center of the box during a 5-min session were calculated. Time in the center is defined as the amount of time that was spent in the central 25 Â 22.5 cm 2 area of the open field.
Forced swim test. Mice were placed individually in the glass cylinders (13 cm diameter, 25 cm height) filled to a depth of 18 cm with water (25 ± 11C). The mice were placed in the cylinders for a 6-min pre-exposure. After 24 h, a second 6-min swim test session was videotaped and the time spent being immobile during the last 4 min was scored by an observer blind to treatment conditions. Immobility was defined as the cessation of all movements (eg, climbing and swimming) except those necessary for the mouse to keep its head above water (ie, floating).
Novelty-suppressed feeding (NSF). NSF was carried out similar to a published protocol (Santarelli et al, 2003) . Mice were deprived of food for 48 h before being placed for 5 min in a novel environment (a plastic box 45 cm long Â 35 cm wide Â 20 cm deep), where a single food pellet (regular chow) was placed on a piece of white filter paper (11 cm in diameter) in the center of the box. An animal was placed in one corner of the box, and the latency to feed was measured. Feeding was defined as biting the food using forepaws and not simply sniffing or touching the food (Supplementary Videos S1 and S2). Immediately after the test, the animal was transferred to the home cage, and the latency to feed in the home cage was measured to serve as controls.
Drug injections. Fluoxetine (Sigma) was dissolved in saline solution (0.9% NaCl) and was injected i.p. daily (10 mg per kg body weight in a volume of 10 ml per g body weight) for 4 weeks. The same volume of saline was injected i.p. to serve as controls.
Slice Preparation
Control and stress-exposed mice were anesthetized by isoflurane inhalation and were decapitated. Striatal slices containing the NAc (250 mm thick) were prepared as described in our previous studies (Pan et al, 2008a, b) . The slices were immediately transferred and incubated in artificial cerebrospinal fluid (ACSF) containing 125 mM NaCl, 3 mM KCl, 2.5 mM CaCl 2 , 1 mM MgCl 2 , 1.25 mM NaH 2 PO 4 , 26 mM NaHCO 3 , and 10 mM glucose. The ACSF was saturated with 95% O 2 and 5% CO 2 . Slices were recovered for at least 1 h at room temperature before recordings.
Electrophysiology
Whole-cell patch-clamp and extracellular field potential recordings were performed in the core of the NAc, the area immediately surrounding the anterior commissure (Paxinos and Watson, 1986) . Excitatory postsynaptic currents (EPSCs) or field excitatory postsynaptic potentials (fEPSPs) were evoked by a bipolar tungsten stimulation electrode (WPI) that was placed 300-500 mm away from the recording pipette. Stimuli were delivered by a Master-8 stimulator with an isolation unit (AMPI). The recordings were made using a patch-clamp amplifier, Multiclamp 700B, under infrared-differential interference contrast microscopy. For recording the evoked EPSCs, glass pipettes (4-6 MO) were filled with an internal solution containing 135 mM cesium methanesulfonate, 10 mM CsCl, 2 mM QX-314, 10 mM HEPES, 0.2 mM EGTA, 2 mM MgCl 2 , 4 mM MgATP, 0.3 mM Na 2 GTP, and 10 mM Na 2 -phosphocreatine (pH 7.2 with CsOH). For recording the fEPSPs, glass pipettes (1-2 MO) were filled with the ACSF. Signals were filtered at 2 kHz and sampled at 10 kHz. All recordings were taken at 32 ± 11C by using an automatic temperature controller (Warner Instrument, Hamden, CT).
Tissue Collection and Corticosterone Assays
Control and CUS-exposed mice were anesthetized by isoflurane inhalation and decapitated. Trunk blood was collected between 0830 and 1000 hours, and adrenals and thymus were excised and weighed immediately. Blood samples were centrifuged at 1500 g for 10 min; serum was removed and stored at À801C until the assay. Serum corticosterone concentrations were determined by an enzyme-linked immunosorbent assay kit (MP Biomedicals), as previously described (Patel et al, 2004) .
Biochemical Detection of Anandamide (AEA) and 2-Arachidonoylglycerol (2-AG)
Control and stress-exposed mice were anesthetized by isoflurane inhalation and were decapitated. Their brains were removed immediately and frozen on dry ice, and the striatum was dissected. The primary eCBs AEA and 2-AG were extracted from the striatum as previously described (Patel et al, 2003) . Briefly, tissue samples were weighed and placed into borosilicate glass culture tubes containing 2 ml of acetonitrile with 8. They were homogenized and sonicated in an ice-cold water bath for 30 min. Samples were incubated overnight at À201C to precipitate proteins and subsequently centrifuged at 1500 g for 3 min. The supernatants were transferred to a new glass tube and evaporated to dryness under N 2 gas. The samples were resuspended in 300 ml of methanol to recapture any lipids adhering to the glass tube and dried again under N 2 gas. Finally, lipid extracts were suspended in 20 ml of methanol and stored at À801C until analysis. AEA and 2-AG tissue contents were determined using isotope-dilution liquid chromatographyelectrospray ionization tandem mass spectrometry.
Data Analysis and Statistics
All results are expressed as mean±SEM. Values of 2-3 DSE trials were averaged for each neuron, and the decay time constant (t) and magnitude of DSE were measured as described (Pan et al, 2009) . The depression (%) of fEPSPs by agonists and antagonists, and the magnitude of LTD were determined as described (Pan et al, 2008a, b) . Concentration-response curves were obtained using a sigmoidal dose-response equation:
, in which E max is the maximal response, x is the concentration of the drug, EC 50 is the concentration of the drug eliciting half-maximal response, and N is the Hill slope of the concentration-response curve. Data were analyzed using two-way ANOVA followed by Tukey post hoc analysis. Post hoc analyses were performed only when ANOVA yielded a significant main effect or a significant interaction between the two factors. In addition to the two-way ANOVA, we made planned comparisons to test a priori hypotheses and to determine whether the two specific groups were significantly different. Results were considered to be significant at po0.05.
RESULTS
Characterization of eCB-Mediated DSE and LTD in the NAc
We characterized the properties of DSE in the NAc core region in striatal slices prepared from control mice. To our knowledge, DSE has not been previously described in the NAc. Whole-cell voltage-clamp recordings were made from medium spiny neurons (MSNs), which are GABAergic neurons that make up the vast majority (90-95%) of cells in the NAc (Meredith, 1999; Zhou et al, 2002) . The MSNs were voltage-clamped at À80 mV, close to the resting membrane potential of these neurons (Dehorter et al, 2009) . MSNs were identified visually by their medium-sized, spindle-like cell bodies, large initial axon segment, and electrophysiological characteristics (hyperpolarizing membrane potentials immediately after break-in and biexponential decay of capacitive transients; Kreitzer and Malenka, 2005) . EPSCs were evoked every 4 s in the presence of NMDA receptor antagonist AP5 (50 mM) and GABA A receptor antagonist picrotoxin (50 mM). These EPSCs were abolished by a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptor antagonist CNQX (10 mM, n ¼ 3; data not shown), suggesting that they are mediated by the activation of AMPA receptors. Depolarization steps from À80 to 0 mV, with varied durations (1, 5, and 10 s), did not induce significant depression of EPSCs ( Figure 1a ). Increasing the depolarization (from À80 to 10 or 20 mV, 5 s) did not induce significant depression of EPSCs either ( Figure 1b ). These results indicate that depolarization alone is not sufficient to induce significant DSE in the NAc.
Activation of certain G-protein-coupled receptors, including group I mGluRs, facilitates the induction of DSE in the dorsal striatum (Narushima et al, 2006) and DSI in the hippocampus (Edwards et al, 2006) . In the continuous presence of the group I mGluR agonist DHPG (5 mM), a 5-s depolarization step from À80 to 0 mV induced DSE in the NAc (Figure 1c ). DSE induced in the presence of DHPG was abolished by the CB1 receptor antagonist AM 251 (2 mM; Figure 1c ), indicating that it is mediated by CB1 receptor activation. This induction protocol (a 5-s depolarization step from À80 to 0 mV in the presence of 5 mM DHPG) was used in all subsequent DSE experiments. eCB signaling mediates not only short-term depression such as DSE and DSI, but also a form of LTD (Heifets and Castillo, 2009 ). eCB-mediated LTD has been described in the dorsal striatum (Gerdeman et al, 2002) and NAc (Robbe et al, 2002) . We used extracellular field recordings of the LTD of fEPSPs in NAc slices, as this recording configuration allows long-term stable recordings in slices prepared from adult mice, as shown in a previous study (Robbe et al, 2002) . Baseline fEPSPs were evoked in the core of the NAc by stimulating excitatory afferents at 0.1 Hz. These fEPSPs were abolished by the AMPA receptor antagonist CNQX (10 mM, n ¼ 3; data not shown), suggesting that they are mediated by the activation of AMPA receptors. Consistent Figure 1 Characterization of DSE and LTD in the NAc core. (a) Depolarization steps from À80 to 0 mV with varied durations (1, 5, and 10 s) did not induce significant DSE (n ¼ 8-9). Top, sample EPSCs in MSNs of the NAc before (indicated by '1') and 0 s after (indicated by '2') the application of various depolarization steps (from À80 to 0 mV; 1, 5, and 10 s). (b) Increasing the depolarization (from À80 to 10 or 20 mV; 5 s) did not induce significant DSE either (n ¼ 9 for each group). (c) The presence of DHPG (5 mM) enabled a depolarization step (from À80 to 0 mV; 5 s) to induce DSE (n ¼ 8). The DSE was abolished by the CB1 receptor antagonist AM 251 (2 mM; n ¼ 6; po0.01 vs control). The line superimposed is the single exponential fitting curve of the decay of DSE, which yields t. (d) The 10 Hz, 10 min stimulation (indicated by arrow) induced LTD (n ¼ 7), which was abolished by the CB1 receptor antagonist AM 251 (2 mM; n ¼ 6; po0.05 vs LTD control).
with previous studies (Gerdeman et al, 2002; Robbe et al, 2002) , we found that repetitive stimulation of synaptic afferents at moderate frequency (10 Hz) for 10 min induced LTD of fEPSPs, which was blocked by AM 251 (Figure 1d ).
CUS, but not Sub-CUS, Induces Depression-Like Behaviors
We have used CUS exposure to induce depression-like behaviors in mice (Willner et al, 1987) . Mice were exposed to a variety of mild stressors in an unpredictable manner for 1 week (sub-CUS) or 5-6 weeks (CUS), whereas age-matched control mice did not receive any special treatments except normal handling and behavioral tests. Initial body weights, which were measured after habituation but before stress exposure, were not significantly different among the four groups (main effect stress: F(1, 44) ¼ 0.189, p40.05; main effect time: F(1, 44) ¼ 0.020, p40.05; stress Â time interaction: F(1, 44) ¼ 0.034, p40.05; Supplementary Figure S1a ). However, two-way ANOVA revealed that both stress and time (ie, 1 week or 5-6 weeks) have significant effects on body weight (determined at the time shown in Supplementary Figure 2a ). A priori (planned) comparisons were made to test the following possibilities: (1) control groups showed age-dependent increase in body weight and (2) CUS decreased the body weight. The results indicate that there was an age-dependent increase in body weight in control groups (control (for sub-CUS) vs control (for CUS), po0.01) and that CUS significantly decreased the body weight (control (for CUS) vs CUS, po0.01; Figure 2a ).
Mice exposed to CUS showed significantly decreased sucrose intake, whereas those exposed to sub-CUS were not different from control (main effect stress: F(1, 44) ¼ 7.450, po0.01; main effect time: F(1, 44) ¼ 9.188, po0.01; stress Â time interaction: F(1, 44) ¼ 4.698, po0.05; control (for sub-CUS) vs sub-CUS, p40.05; control (for CUS) vs CUS, po0.001; sub-CUS vs CUS, po0.001; Tukey's post hoc test; Figure 2b ).
As CUS-exposed mice weighed significantly less than the time-matched control mice (Figure 2a) , we also examined the relative sucrose intake, which is normalized to body weight. Both stress and time significantly affected the relative sucrose intake; however, the interaction was not significant (main effect stress: F(1, 44) ¼ 4.099, po0.05; main effect time: F(1, 44) ¼ 14.566, po0.001; stress Â time interaction: F(1, 44) ¼ 3.547, p40.05 (p ¼ 0.066)). Planned comparisons of the differences between control and CUS groups were carried out, which showed that CUS significantly decreased the relative sucrose intake compared with the control (po0.01; Figure 2c ). In addition, analysis of the Pearson's product-moment correlation coefficient revealed no significant correlation between CUS-induced changes in body weight and absolute sucrose intake (correlation coefficient r ¼ 0.270, p40.05). Neither sub-CUS nor CUS significantly affected water intake (main effect stress: p40.05; Supplementary Figure S1b) . Thus, it is likely that CUS-induced anhedonia, not the loss of body weight, accounts for the decrease in sucrose intake.
We used an open-field test to determine whether CUSexposed mice show abnormalities in locomotor activity and anxiety-related behavior. Mice tend to avoid open spaces when exposed to an open-field arena. Reduced activity in the center of an open field has been correlated with anxiety-and depression-like behaviors in rodents (El Yacoubi et al, 2003) . Locomotor activity was measured as the total ambulatory distance in a 5-min session. Two-way ANOVA revealed that the chronic groups showed significantly less locomotor activity than sub-chronic groups, regardless of whether the animals were exposed to stressors or not (main effect stress: FST is a common behavioral test for detecting depressionlike behaviors and for screening antidepressants (Porsolt et al, 1977) . Two-way ANOVA demonstrates that mice exposed to CUS show a significant increase in the immobility time of the FST, whereas those exposed to sub-CUS are not significantly different from control (main effect stress: F(1, 44) ¼ 38.549, po0.001; main effect time: F(1, 44) ¼ 16.448, po0.001; stress Â time interaction: F(1, 44) ¼ 19.575, po0.001; control (for sub-CUS) vs sub-CUS, p40.05; control (for CUS) vs CUS, po0.001; sub-CUS vs CUS, po0.001; Tukey's post hoc test; Figure 2d ).
The NSF test is another behavioral paradigm used to assess anxiety and motivation in mice (Santarelli et al, 2003) . Exposure of mice to CUS, but not to sub-CUS, significantly increased the latency to feed in the novel environment (main effect stress: F(1, 44) ¼ 9.238, po0.01; main effect time: F(1, 44) ¼ 30.837, po0.001; stress Â time interaction: F(1, 44) ¼ 17.976, po0.001; control (for sub-CUS) vs sub-CUS, p40.05; control (for CUS) vs CUS, po0.001; sub-CUS vs CUS, po0.001; Tukey's post hoc test; Figure 2e ; Supplementary videos S1 and S2). In contrast, neither sub-CUS nor CUS had significant effects on the latency to feed in the home cage, which was measured immediately after the test for feeding in the novel environment (main effect stress: F(1, 44) ¼ 0.872, p40.05; main effect time: F(1, 44) ¼ 7.220, po0.05; stress Â time interaction: F(1, 44) ¼ 0.129, p40.05; Figure 2f ). Thus, changes in appetite induced by CUS cannot account for the increased latency to feed in the novel environment in NSF test.
In addition to the behavioral profile exhibited, animals exposed to CUS show adrenal hypertrophy and thymus hypotrophy (Muscat and Willner, 1992; Kubera et al, 1995; Willner, 2005; Leonard and Myint, 2009) . At 2-7 days after the last behavioral test, mice were killed, blood was collected, and adrenals and thymuses were excised and weighed immediately. Control and stressed mice were timematched and alternated in these experiments. CUS, but not sub-CUS, significantly increased the absolute adrenal weight (main effect stress: F(1, 28) ¼ 9.803, po0.01; main effect time: F(1, 28) ¼ 8.953, po0.01; stress Â time interaction: F(1, 28) ¼ 15.030, po0.001; control vs CUS, po0.001; Tukey's post hoc test; Figure 3a ) and the relative adrenal weight (ie, adrenal weight normalized to body weight; main effect stress: F(1, 28) ¼ 17.320, po0.001; main effect time: F(1, 28) ¼ 5.179, po0.05; stress Â time interaction: F(1, 28) ¼ 25.510, po0.001; control vs CUS, po0.001; Tukey's post hoc test; Figure 3b) .
Compared with control, thymus weight was decreased in CUS-exposed mice, but not in sub-CUS mice (main effect stress: F(1, 28) ¼ 8.451, po0.01; main effect time: F(1, 28) ¼ 12.491, p ¼ 0.001; stress Â time interaction: F(1, 28) ¼ 5.104, po0.05; control vs CUS, po0.001; Tukey's post hoc test; Figure 3c ). Stress had a main effect on the relative thymus weight, and this effect was independent of time of exposure (ie, sub-chronic or chronic; main effect stress: F(1, 28) ¼ 4.587, po0.05; main effect time: F(1, 28) ¼ 15.872, po0.001; stress Â time interaction: F(1, 28) ¼ 2.408, p40.05; Figure 3d ). Neither sub-CUS nor CUS had any significant effect on the serum levels of corticosterone (main effect stress: F(1, 28) ¼ 2.749, p40.05; main effect time: F(1, 28) ¼ 0.069, p40.05; stress Â time interaction: F(1, 28) ¼ 0.405, p40.05; Table 1 ). Thus, the CUS paradigm used in the present study is effective, as it induced a sustained hyperactivity of the hypothalamuspituitary-adrenal axis and suppression of the immune system (Muscat and Willner, 1992; Kubera et al, 1995; Willner, 2005; Leonard and Myint, 2009 ). However, during the time of testing, the serum levels of corticosterone were unchanged in stress-exposed mice, indicating that CUSexposed mice did not have alterations in the level of basal glucocorticoids 2-7 days after the last stress exposure.
CUS, but not Sub-CUS, Impairs eCB/CB1 ReceptorMediated Synaptic Plasticity in the NAc Core
We examined the effects of sub-CUS and CUS on DSE and LTD in NAc slices prepared from the same groups of mice shown in Figure 2 . DSE was induced by a 5-s depolarization step from À80 to 0 mV, in the presence of DHPG (5 mM). Sub-CUS had no significant effect on the magnitude or decay time constant of DSE (t: control, 10.5±1.7 s, n ¼ 7; sub-CUS, 12.5±1.9 s, n ¼ 9; p40.05; Figure 4a ). On the other hand, CUS significantly decreased the magnitude of DSE (po0.05), although it had no significant effect on the decay time constant of DSE (t: control, 14.9±2.3 s, n ¼ 9; CUS, 10.2 ± 1.8 s, n ¼ 9; p40.05; Figure 4b ). Thus, CUS, but not sub-CUS, impairs DSE induction in the NAc. Figure 4 CUS, but not sub-CUS, decreases eCB/CB1 receptor-mediated responses in the NAc. (a) DSE was not significantly different between control and sub-CUS groups (p40.05; n ¼ 7-9). (b) The magnitude of DSE was significantly decreased in the CUS group compared with that of control group (po0.05; n ¼ 9 for each group). (c) LTD in the NAc was not significantly different between the control group and the sub-CUS group (n ¼ 8 for each group). (d) LTD was induced in the NAc in control mice, but not in CUS-exposed mice (po0.01; n ¼ 7-8). (e) Group I mGluR agonist DHPG (100 mM) induced similar depression of fEPSPs in slices from sub-CUS-exposed mice and control mice (p40.05; n ¼ 6 each). (f) DHPG induced significantly less depression in slices from CUS-exposed mice than that from control mice (po0.05; n ¼ 6 each).
We examined whether DHPG, at the concentration used in the present study, affected baseline fEPSPs in the NAc. Bath application of 5 mM DHPG had no significant effect on fEPSPs in the NAc in the control group (p40.05 vs baseline) and in the CUS group (p40.05 vs baseline or control group; Supplementary Figure S3a ). This result is consistent with previous studies showing that group I mGluR or muscarinic receptor agonists, at concentrations that are too low to alter baseline synaptic transmission, facilitate DSI induction (Diana and Marty, 2004; Hashimotodani et al, 2005; Edwards et al, 2006) . eCB-mediated LTD has been implicated in drug addiction (Gerdeman et al, 2003; Mato et al, 2004) , but its role in stress and depression, to our knowledge, has not been explored. We examined the effect of sub-CUS and CUS on eCB-mediated LTD in the NAc. After baseline recordings of fEPSPs at 0.1 Hz, repetitive afferent stimulation (10 Hz for 10 min) was applied to induce LTD. LTD in the NAc slices was not significantly different between control and sub-CUS groups (p40.05; Figure 4c ). However, CUS exposure impaired LTD induction in the NAc (po0.01; Figure 4d ).
In the absence of depolarization, a higher concentration (50 mM) of DHPG has been shown previously to depress fEPSPs in the NAc core and this depression was blocked by AM 251 (Robbe et al, 2002) . Thus, DHPG-induced depression of fEPSPs provides another measure of the strength of endogenous cannabinoid-mediated signaling. Consistent with the previous study (Robbe et al, 2002) , we found that bath application of (100 mM) DHPG depressed fEPSPs in the NAc core in control mice (Figure 4e) , and the effect of DHPG in control mice was blocked by AM 251
(1.5 ± 3.1% of baseline, n ¼ 5). We also found that CUS, but not sub-CUS, significantly attenuated DHPG-induced depression of fEPSPs in the NAc core (main effect stress: F (1, 20) Figure 4e and f).
CUS-induced impairment of DSE and LTD could be attributed to either a decrease in the eCB mobilization or a decrease in the CB1 receptor function. To begin discriminating these possibilities, we examined the effect of bath application of the CB1 receptor agonist WIN 55 212-2 on fEPSPs in the NAc in slices prepared from the same groups of mice shown in Figure 2 . WIN 55 212-2 (2 mM) induced similar depression of fEPSPs in slices from sub-CUSexposed mice and control mice (p40.05; Figure 5a ). In contrast, WIN 55 212-2 induced significantly less depression in slices from CUS-exposed mice than in control mice (po0.05; Figure 5b ). The depression of fEPSPs by WIN 55 212-2 in control and stressed mice were reversed by subsequent addition of the CB1 receptor antagonist AM 251 (4 mM, Figure 5a and b). CB1 ligands are highly lipophilic compounds that are not readily washed out from the slice, and AM 251 was therefore applied to block the effect of WIN 55 212-2. Bath application of AM 251 (4 mM) alone had no significant effect on baseline fEPSPs in control and CUS groups (p40.05; Supplementary Figure S3b) .
Concentration-response curves for WIN 55 212-2-induced depression of fEPSPs were obtained in the NAc in slices prepared from control and stress-exposed mice that were not exposed to the behavioral tests, but were otherwise Table 2 for detailed statistics).
treated identically to the mice used in the above studies. We found that exposure to CUS, but not sub-CUS, decreased the maximal effect (E max ) of WIN 55 212-2-induced depression of fEPSPs in the NAc core (main effect stress Table 2 ). Thus, CUS altered the maximal response of WIN 55 212-2-induced depression of fEPSPs, but did not affect the affinity of WIN 55 212-2 binding to the CB1 receptor. Note that the maximal depression of fEPSPs (B50%) induced by WIN 55 212-2 in Figure 5c and d (in slices from mice not exposed to behavioral tests) was comparable to the depression induced by 2 mM WIN 55 212-2 in Figure 5a and b (in slices from mice exposed to behavioral tests).
We examined the effect of sub-CUS and CUS exposure on the tissue contents of the eCBs AEA and 2-AG in the striatum. Neither sub-CUS nor CUS exposure had significant effects on the tissue content of 2-AG (main effect stress: Table 3 ).
Effects of Antidepressant Fluoxetine on CUS-Induced Abnormalities of Behavior and eCB Signaling
We examined the effect of in vivo administration of the antidepressant fluoxetine on CUS-induced changes in behavior and eCB/CB1 receptor-mediated responses in the NAc. Mice were exposed to CUS for a total of 8 weeks. At the beginning of the fifth week, CUS-exposed mice and time-matched control mice were given daily i.p. injections of fluoxetine (10 mg/kg) or vehicle (0.9% NaCl) for 4 weeks. The time course for stress exposure and drug treatment is shown in Figure 6a . The behavioral tests were started 72 h after the last treatment to exclude acute drug effects on the behavior (Lopez-Rubalcava and Lucki, 2000) .
A two-way ANOVA showed that CUS significantly decreased the sucrose intake, and fluoxetine treatment restored CUS-induced reduction of the sucrose intake (main effect CUS: F(1, 36) ¼ 20.797, po0.001; main effect treatment: F(1, 36) ¼ 1.554, p40.05; CUS Â treatment interaction: F(1, 36) ¼ 8.738, po0.01; control-vehicle vs CUSvehicle, po0.001; CUS-vehicle vs CUS-fluoxetine, po0.01; Tukey's post hoc test; Figure 6b ).
In the FST, CUS exposure significantly increased the immobility time; chronic fluoxetine treatment significantly decreased the immobility time regardless of stress exposure (main effect CUS: F(1, 36) ¼ 19.028, po0.001; main effect treatment: F(1, 36) ¼ 15.380, po0.001; CUS Â treatment interaction: F(1, 36) ¼ 0.674, p40.05; Figure 6c ). CUS induced a significant increase in the latency to feed in the novel environment in NSF test, which was reversed by fluoxetine treatment (main effect CUS: F(1, 36) ¼ 7.519, po0.01; main effect treatment: F(1, 36) ¼ 5.075, po0.05; CUS Â treatment interaction: F(1, 36) ¼ 4.247, po0.05; control-vehicle vs CUS-vehicle, po0.01; CUS-vehicle vs CUS-fluoxetine, po0.01; Tukey's post hoc test; Figure 6d ). However, neither CUS nor fluoxetine treatment affected the latency to feed in the home cage (main effect CUS: F(1, 36) ¼ 2.418, p40.05; main effect treatment: F(1, 36) ¼ 1.877, p40.05; CUS Â treatment interaction: F(1, 36) ¼ 0.770, p40.05; Figure 6e) .
We compared DSE-, LTD-, and WIN 55 212-2-induced depression of fEPSPs in slices prepared from fluoxetineand vehicle-treated control and stressed mice. The recordings of these three eCB/CB1 receptor-mediated responses were similar to those described above. Chronic fluoxetine administration had no significant effect on the magnitude of DSE-(p40.05; Figure 6f ), LTD-(p40.05; Figure 6g ), and WIN 55 212-2-induced depression of fEPSPs (p40.05; Figure 6h ) in control mice. However, chronic fluoxetine administration prevented CUS-induced decrease in the magnitude of DSE-(po0.01; Figure 6f ), LTD-(po0.01; Figure 6g ), and WIN 55 212-2-induced depression of fEPSPs (po0.01; Figure 6h ).
DISCUSSION
CUS satisfies the criteria of predictive validity (pharmacological profile), face validity (symptom profile), and construct validity (theoretical rationale) as a behavioral model for depression (Willner, 2005) . Although it met with some criticisms initially, the CUS model has been validated by many independent studies (see the references cited by Willner, 1997 Willner, , 2005 . Notably, chronic, but not acute, antidepressant treatment reverses depression-like behaviors in CUS-exposed animals, consistent with the time course for the therapeutic actions of antidepressants in humans (Willner, 2005) . CUS is considered 'one of the best animal models that capture core symptoms of depression' (Duman, 2007) . The present study shows that CUS, but not sub-CUS, induces depression-like behaviors and causes deficiency in eCB/CB1 receptor-mediated responses in the NAc, both of which can be reversed by chronic administration of the antidepressant fluoxetine. These results indicate that downregulation of eCB signaling occurs in the NAc in an animal model of depression.
Neuroplasticity in the NAc and Depression
There is an emerging concept that neuroplasticity has an important role in the pathophysiology of stress and depression and in the action of antidepressants (Pittenger and Duman, 2008) . The challenge is to identify such plastic changes in specific brain regions that are linked to depressive behaviors. In recent years, there has been an increasing appreciation of the role of the brain's reward circuitry in depression and antidepressant treatment (Nestler and Carlezon, 2006) . The NAc is an important component of the reward circuitry, and dysfunction of the NAc could account for anhedonia, lack of motivation, and other symptoms of depression (Nestler and Carlezon, 2006) . Consistent with this idea, deep-brain stimulation of the NAc produces an acute relief of depressive symptoms in depressed patients (Schlaepfer et al, 2008) . Animal studies have shown that long-lasting changes in gene regulation and protein expression occur in the NAc in several animal models of depression and antidepressant treatment (Shirayama et al, 2004; Chartoff et al, 2009; Wilkinson et al, 2009 ). The present study has identified long-term plasticity of eCB signaling in the NAc as a form of neuroplasticity that could potentially link stress to depressive behaviors. The deficiency in eCB/CB1-mediated responses in the NAc is accompanied by behavioral changes. Sub-CUS, which did not have significant effects on behavior, did not affect eCB/CB1-mediated responses in the NAc, whereas CUS, which induced depression-like behavior, caused persistent downregulation of eCB/CB1-mediated responses in the NAc. Furthermore, in vivo administration of antidepressant fluoxetine prevented CUS-induced deficiency in eCB/CB1-mediated responses in the NAc and produced antidepressant effects on behavior. Given the critical role of the NAc in reward sensing and processing (Nestler and Carlezon, 2006) , CUS-induced deficiency in eCB signaling in the NAc could contribute to certain depression-like behaviors, such as anhedonia and lack of motivation. However, it is unlikely that such deficiency accounts for all CUS-induced depression-like behaviors.
In sharp contrast to the CUS-fluoxetine group, the timematched CUS-vehicle group still showed deficiency in eCB/ CB1 receptor-mediated responses in the NAc and depression-like behaviors, suggesting that the effects of fluoxetine are not the consequence of the habituation of mice to the CUS (ie, the prolongation of CUS from 5-6 to 8 weeks), but the consequence of antidepressant action. The mechanism by which fluoxetine prevents CUS-induced deficiency in eCB/CB1-mediated responses in the NAc is not clear. Antidepressant manipulations, such as electroconvulsive shock and tricyclic antidepressants, increase CB1 receptor activity in the hippocampus, amygdala, and hypothalamus (Hill et al, 2006 (Hill et al, , 2007 . It is possible that fluoxetine treatment can overcome the CUS-induced decrease in CB1 receptor activity in the NAc.
The eCB System in Depression
Accumulating evidence indicates that the eCB system is critically involved in mood disorders such as depression and anxiety. The eCB system is altered in patients with depression and in animal models of depression. Serum concentrations of 2-AG are reduced in women with major depression compared with a matched control group (Hill et al, 2008b) . We have found previously that rats exposed to CUS showed a decrease in the tissue content of AEA in the NAc and other brain regions, whereas 2-AG content in the NAc and most other brain regions remained unchanged (Hill et al, 2008a) . In contrast, another study found that CUS did not change AEA and 2-AG contents in the striatum and in most other brains in CUS-exposed rats (Bortolato et al, 2007) . The methodological differences, such as the time for tissue collection, might be responsible for the discrepancies (Hill et al, 2008a) . The present study has shown that neither sub-CUS nor CUS significantly affected 2-AG and AEA contents in the mouse striatum. However, in these studies, 2-AG and AEA contents were measured in tissue chunks, and the lack of temporal and spatial resolution does not permit a firm conclusion of whether eCB/CB1 receptor-mediated function is altered in animal models of depression.
Using electrophysiological recordings from NAc slices, we show here that CUS, but not sub-CUS, impairs endogenous cannabinoid-mediated responses, including DSE, LTD, and DHPG-induced depression of fEPSPs, in the NAc. The deficiency in eCB-mediated responses could be because of a decrease in CB1 receptor signaling or a decrease in eCB production. CUS, but not sub-CUS, decreased the maximal effect, but did not affect the EC 50 of WIN 55 212-2-induced depression of fEPSPs. As WIN 55 212-2 is an exogenous CB1 agonist, the above results suggest that CUS-induced decrease in CB1 receptor expression and/or signaling is responsible for the deficiency in DSE, LTD, and DHPGinduced depression of fEPSPs. This conclusion is supported by a previous study showing that CUS reduced the CB1 receptor-binding site density in the NAc (Hill et al, 2008a) . However, we cannot rule out the possibility that eCB production is decreased by CUS. It has been shown that social defeat stress (exposure to an aggressor) decreases the depression of spontaneous IPSCs induced by the CB1 agonist HU210 and the group I mGluR agonist DHPG in the dorsal striatum (Rossi et al, 2008) . Taken together, these studies indicate that the eCB-mediated transmission is downregulated in the ventral (ie, NAc) and dorsal striatum in animal models of depression.
It has been shown that inhibition of eCB/CB1 receptor activity has a negative impact on mood and emotion. CB1 receptor knockout mice show depression-and anxiety-like behaviors, including increased susceptibility to developing anhedonia in response to CUS and perseverance of emotionally aversive memories (Martin et al, 2002; Hill and Gorzalka, 2005) . CB1 receptor antagonists SR141716 (rimonabant) and AM251 produce anxiogenic-like effects in rodents (Navarro et al, 1997; Haller et al, 2004; Rodgers et al, 2005) , and rimonabant increases the incidence of anxiety and depression in clinical trials for the treatment of obesity (Samat et al, 2008) . Although these studies have shown that pharmacological blockade and genetic deletion of CB1 receptors produce depression-like phenotypes, we show here that 'natural' pathophysiological stimuli (ie, CUS) caused a deficiency in eCB signaling and depressionlike behaviors. These results strongly suggest that CUSinduced deficiency in eCB signaling contributes to certain symptoms of depression.
A recent study has shown that repeated homotypic stress (restraint) elevates 2-AG levels and enhances DSI-and WIN 55 212-2-induced depression of inhibitory synaptic transmission in the amygdala ). Repeated homotypic stress may induce habituation of the animals to stress and produce different effects on eCB/CB1-mediated responses. Alternatively, stress may enhance or dampen the eCB/CB1 receptor-mediated responses, depending on the brain regions involved.
In conclusion, the present study shows that CUS causes persistent deficiency in eCB/CB1 receptor-mediated responses in the NAc, which can be reversed by chronic administration of the antidepressant fluoxetine. The identification of CUS-induced abnormalities of eCB signaling in the NAc contributes to our understanding of the mechanism of depression and designing strategies for therapeutic intervention of depression.
